We examine the propagation of several CMEs with well-observed flux rope signatures in the field of view of the SECCHI coronagraphs aboard the STEREO satellites using the GCS fitting method of Thernisien, Vourlidas & Howard (2009).
Introduction
Since Earth-directed coronal mass ejections (CMEs) from the Sun are typically held responsible for most major geomagnetic storms, a thorough understanding of the forces governing their initiation and propagation are of considerable practical importance. CME kinematics exhibit a variety of characteristics (Yashiro et al. 2004; Webb & Howard 2012 ).
They range from very fast CMEs that experience most of their acceleration within ≈ 1-2 R above the solar limb to ones that show evidence of being continuously driven throughout typical coronagraph fields of view that extend upto ≈ 30 R (Subramanian & Vourlidas 2007) . CMEs (especially the ones whose mechanical energies are increasing through the coronagraph fields of view) are commonly thought to be driven by Lorentz self-forces (e.g., Song et al. 2013; Olmedo et al. 2013; Chen & Krall 2003; Lin et al 1998; Chen 1996; Kumar & Rust 1996) . We interpret these J × B forces as being due to misaligned currents and magnetic fields contained within the evolving flux rope structure. On the other hand, the "drag" forces contributing towards CME deceleration are thought to be due to momentum coupling between the CMEs and the ambient solar wind (e.g., Gopalswamy et al. 2000; Lewis & Simnett 2002; Cargill 2004; Vrsnak 2006; Subramanian, Lara & Borgazzi 2012 ).
While we have recently arrived at a preliminary understanding of the physics underlying the drag force (Subramanian, Lara & Borgazzi 2012) , we do not yet have a very good understanding of the details of the driving force. In fact, we do not even have a clear idea of the typical heliocentric distance at which the driving force ceases to be important (in comparison to the drag force). The magnetic energy contained by CMEs is generally thought to be responsible for propelling them; this concept was quantitatively demonstrated by Vourlidas et al. (2000) . Subramanian & Vourlidas (2007) showed that, on the average, the magnetic energy contained in CMEs provides at least 74 % of what is required for their propagation from the Sun to the Earth. We identify a set of well observed CMEs observed by the SECCHI coronagraphs (Howard et al. 2008 ) aboard the STEREO satellites (Kaiser et al. 2008) . A large majority of CMEs observed with coronagraphs are now confirmed to possess a flux rope morphology (e.g., Vourlidas et al. 2013; Zhang et al. 2013) . Accordingly, we fit the graduated cylindrical model for flux rope CMEs (Thernisien, Vourlidas & Howard 2009 ) to these well observed CMEs in order to obtain their 3D structure. As we will discuss below, one overarching result of this fitting procedure is that the flux rope CMEs evolve in a manner such that the ratio of their minor to major radii remains constant. Although there has been some observational evidence for the fact that some flux rope CMEs expand in a self-similar manner in the coronagraph field of view (e.g., Poomvises et al. 2010; Kilpua et al. 2012; Colaninno, Vourlidas & Wu 2013) , our work is the first systematic demonstration of self-similar expansion. Self-similarity has been invoked in a number of theories relating to CME propagation (e.g., Kumar & Rust 1996; Demoulin & Dasso 2009; Wang et al. 2009; . Using the observed self-similar expansion, we draw conclusions regarding the extent to which the flux rope structures are non-force-free. In § 2 we describe the observational results, which we use to draw conclusions regarding the current and magnetic field configurations in § 3. Conclusions are drawn in § 4.
Data analysis
We have identified 9 well observed CMEs with the SECCHI A and B coronagraphs aboard the STEREO spacecraft. Following the method outlined in Thernisien, Vourlidas & Howard (2009) we fit a three-dimensional geometrical flux rope configuration to the images in SECCHI A and B coronagraphs simultaneously at each timestamp. We show a representative screenshot in Figure 1 , which shows the flux rope fitting for the images at 01:08 UT on 21 June 2012. At each timestamp, we have taken care to ensure that cross section of the flux rope is fitted only to the dark cavity visible in the coronagraph images.
The flux rope fitting routine yields a variety of geometrical parameters. Table 1 summarizes the most relevant ones for each of the events we have studied in this paper. We have followed CMEs only as far as it is possible to make a clear, unambiguous fit to the flux rope model. This means that we can follow some CMEs farther out than others, which is why some CMEs have many more timestamps than others. For the purposes of this paper, the main results from Table 1 are:
• The quantity κ, which is the ratio of the flux rope minor radius to its major radius, remains approximately constant with time for a given CME. This conclusion holds for all the CMEs we have studied, and is a clear demonstration of the fact that flux rope CMEs expand in a nearly self-similar manner.
• The values of κ for different CMEs in Table 1 are: 0.44 κ 0.2 For a given CME, it may be noted that the geometrical flux rope fitting procedure we use allows for different values of κ at different timestamps. There is no assumption of self-similarity built into this procedure, and the approximate self-similarity observed in CME evolution is thus physical. Several of the flux rope CMEs studied by Kilpua et al. (2012) using the GCS method (that we use here) also evolve in a self-similar manner, with 0.39 κ 0.23. Even in the HI field of view, similar measurements of CMEs for the events used by Colaninno, Vourlidas & Wu (2013) also reveal self-similar expansion, with 0.60 κ 0.25. Subramanian & Vourlidas (2009) found that the subset of CMEs from Subramanian & Vourlidas (2007) that were subject to a net driving force show a constant value of κ; they used this fact to derive the axial current enclosed by these flux rope CMEs.
We note that Subramanian & Vourlidas (2009) used LASCO data, which did not have the advantage of two viewpoints that the current study does. They selected CMEs that seemed to propagate mostly in the plane of the sky, and interpreted the circular cross-section visible in LASCO images as the cross-section of the flux rope. While we only study flux rope CMEs that expand in a self-similar manner here, we note that there are CMEs whose expansion is not self-similar (e.g., Cheng et al 2014) . This might be because their evolution is genuinely non self-similar, or an illusion arising out of CME rotation (e.g., Vourlidas et al 2011). We next turn our attention to the implications of the observed self-similar propagation in the context of a flux rope model where the evolution is governed entirely by Lorentz self-forces.
Lorentz self-forces in flux ropes

Self-similar expansion
A qualitative sketch of a fluxrope configuration is shown in figure 2. The subject of Lorentz self-forces in flux ropes has a long history, starting from Shafranov (1966) through treatments like Anzer & Poland (1979) ; Garren & Chen (1994) ; Chen (1996) ; Kumar & Rust (1996) ; Chen & Krall (2003) ; Subramanian & Vourlidas (2009); Olmedo et al. (2013) to mention a few. Broadly, they all appeal to variants of J × B forces, arising from the currents and magnetic fields carried by the flux rope structure. The assumption of self-similar flux rope evolution is built into several popular theoretical treatments of Lorentz self-force driving (e.g., Kumar & Rust 1996; Subramanian & Vourlidas 2009; ). In the treatment of Kumar & Rust (1996) , self-similar evolution is a consequence of assuming that axial magnetic flux and helicity are both conserved. However, they do not use a specific value of the self-similarity parameter
in their treatment.
We next examine some other treatments involving Lorentz self-forces (e.g., Chen 1996;
Chen & Krall 2003) that do not explicitly appeal to self-similar expansion. Since its often difficult to specify unique magnetic field and current configurations for a non force-free flux rope structure (see Chen 2012 for some examples), several authors have used the self-inductance of a slender, axisymmetric, circular flux rope as a starting point. This quantity (in cgs units) is (Shafranov 1966; Landau & Lifshitz 1984 )
where R is the major radius of the flux rope and a is its minor radius. The magnetic energy associated with a current loop such as this carrying an axial current I is
The Lorentz self-force acting along the major radius is then derived as
where c is the speed of light. Thereafter, the force per unit arc length acting along the major radial direction is calculated as f L = (1/2πR)f R . It may be noted that the last step in equation (3) can be arrived at only if the quantity κ ≡ a/R is assumed to be constant.
In other words, any treatment that uses equation (3) implicitly assumes that the flux rope evolves in a self-similar manner. However, we note that some treatments (e.g., Chen 1996; Chen & Krall 2003 ) use equation (3) (and therefore implicitly assume self-similar expansion) and yet have separate differential equations for the evolution of the flux rope major radius (R) and its minor radius (a).
Here, we use the observed values of the self-similarity parameter κ to determine the relation between the local pitch angle of the magnetic field configuration inside the flux rope and the misalignment angle between the current density and the magnetic field.
How misaligned are J and B?
Since Lorentz self-force driving necessarily involves non-force free configurations, our first step is to evaluate the angle between the current density J and the magnetic field B.
We decompose the current and magnetic field into poloidal and toroidal components:
where i p and i t are unit vectors in the poloidal and toroidal directions respectively (see fig   2) . Defining
and the magnetic field pitch angle γ
the angle χ between the current density J and the magnetic field B can be written as
where we have used Equation (4) for J and B. We note that Eq (7) is independent of a specific model for the current density J and the magnetic field B inside the flux rope. It holds for any flux rope structure (fig 2) , and does not make any assumptions about whether or not it is force-free. We use two different methods to calculate the local pitch angle for the flux rope magnetic field, which we describe herewith.
Method 1
The force-free Lundquist solution (Lundquist 1950 ) is by far the most popular concept for describing the structure of flux ropes. A natural starting point would be to assume that Lorentz self-forces arise from a situation where the flux rope structure deviates very little from the force-free state. In Eq (51) of their paper, Kumar & Rust (1996) give the following expression for sin χ:
where x 0 = 2.405 is the first zero of the Bessel function J 0 and we have used Eq (1).
Apart from the assumptions regarding conservation of axial magnetic flux and helicity, this expression for sin χ from Kumar & Rust (1996) relies crucially on the assumption that the flux rope deviates very little from the force-free Lundquist solution (Lundquist 1950) . It can be derived from Eqs (16) and (50) of Kumar & Rust (1996) and using |J| |B| = αB 2 , which expresses the fact that the flux rope is nearly force-free.
Equating (7) and (8) gives
For the Lundquist force-free solution (e.g., Eq 1, Kumar & Rust 1996; Eq 19, Lin et al 1998) , since J = α B, the ratio c 2 /c 1 (Eq 5) is given by
where y is the fractional minor radius of the flux rope. In other words, y < 1 defines the interior of the flux rope and y > 1 its exterior. The quantity J 0 denotes the Bessel function of zeroth order while the quantity J 1 represents the Bessel function of first order.
Using equation (10) for c 2 /c 1 and the observationally determined values of the similarity parameter κ (Table 1) , we can use Eq (9) to determine the pitch angle γ of the magnetic field configuration of a flux rope which deviates only slightly from a force-free configuration.
On the other hand, the pitch angle γ for a the ideal force-free Lundquist solution is
given by (e.g., Eq 1, Kumar & Rust 1996; Eq 19, Lin et al 1998) tan Figure 3 shows the pitch angle calculated using equations (9) and (10), with some of the observed values of the similarity parameter κ for all the CMEs in our list (table 1) .
The blue line in figure 3 uses the smallest value of κ observed in our sample (κ = 0.2), while the green line uses the largest observed value of κ (= 0.44). For comparison, the pitch angle computed using the ideal force-free configuration (Eq 11) is also overplotted in red. Clearly, the local magnetic field pitch angles for self-similarly expanding flux ropes do not agree with that for an ideal force-free configuration; the larger the value of κ, the more the disagreement. In other words, the magnetic field configurations in the observed (self-similarly expanding) flux ropes deviate considerably from a force-free one. This is despite the fact that the observed values of the self-similarity parameter (κ, Table 1) correspond to misalignment angles χ (equation 8) of only 5
• to 10
• . The nearly force-free assumption is thus not consistent, and it is worth examining if such self-similarly expanding flux ropes can be better described by a non-force free model.
Method 2
We consider a prescription for a non-force-free flux rope configuration given by Berdichevsky (2013) . This prescription is a perturbative expansion on a force-free configuration, correct to order κ ≡ a/R, which incorporates the effect of large-scale curvature (see Fig 2) . In this prescription, the pitch angle is defined as
where φ is the polar angle coordinate in the plane perpendicular to the toroidal axis and the quantity A is defined by
The quantity A(y, φ) expresses the effect of the curvature of the major radius. For a straight flux rope, an observer looking through the cross section will see only one circle, because the circles defining the cross section overlap each other. For a bent flux rope, on the other hand, the observer will see a few circles displaced from each other. The more the flux rope curvature, the farther the centers of these circles are displaced from each other.
Upon comparing equations (12) and (11), it is evident that the non-force free expression is identical to the force-free expression for φ = π/4 and 3π/4. Using Eqs (12) and (13), we can calculate the local magnetic field pitch angle (γ) for this non-force-free configuration as a function of the observed similarity parameter κ (table 1) . The local magnetic field pitch angle γ is depicted as a function of the fractional minor radius y for a few representative values of κ and φ in figure 4 . The red solid line is for φ = π/4, the blue dotted line is for φ = π/2 and κ = 0.2 while the blue solid line is for φ = π/2 and κ = 0.44. Since φ = π/4 corresponds to the force-free case, it is independent of κ. Using the values of γ shown in figure 4 , we can compute the misalignment angle χ between J and B using equation (7).
However, since we are considering a non-force free configuration, it is not appropriate to use equation (10) for the ratio c 2 /c 1 , which is valid only for a force-free configuration. Instead, we recognize that the poloidal magnetic field is generated by a toroidal current I t , while the toroidal magnetic field is generated by a poloidal current I p :
where c denotes the speed of light. Furthermore, the total currents are related to their respective densities by (e.g., Chen 1989)
where, for the sake of concreteness, we have assumed that the current density is uniform throughout the body of the flux rope. We note that other current distributions are possible.
Equations (5), (14) and (15) yield
Using the values of tan γ from equations (12) and (13) in equation (7) with the quantity c 2 /c 1 given by equation (16), we get the values of χ depicted in figure 5 for the same parameter values used in figure 4 . The linestyles are identical to those used in figure   4 . Clearly, the angle between J and B can be substantial, which means that the flux rope deviates considerably from a force-free state.
Summary
It is generally accepted that Lorentz self-forces are responsible for the evolution of CMEs (both expansion as well as translation). While Lorentz self-forces are assumed to arise from misaligned current density (J) and magnetic field (B), the degree of misalignment
is not yet clear. In order to remedy this, we have derived a general relation (Eq 7) between the local pitch angle (γ) of the flux rope magnetic field and the misalignment angle (χ) between J and B.
We have fitted the Thernisien, Vourlidas & Howard (2009) 3D flux rope model to nine well observed CMEs in the SECCHI/STEREO field of view. One of the main conclusions from this exercise is that the flux rope CMEs propagate in a nearly self-similiar manner;
i.e., the ratio (κ) of the flux rope minor to major radius remains approximately constant as it propagates outwards. This conclusion is consistent with those from similar exercises using COR2 data (Kilpua et al. 2012) and HI data (Colaninno, Vourlidas & Wu 2013) .
We have used the observed values of the self-similarity parameter (κ) to calculate the local pitch angle of the flux rope magnetic field (γ) using two different prescriptions. In the first one, we have assumed that the flux rope deviates only slightly from a force-free equilibrium following the prescription of Kumar & Rust (1996) . Even though this prescription predicts that the misalignment angle (χ) between J and B is only 5
• to 10 • , the local magnetic field pitch angle calculated deviates appreciably from that calculated using the purely force-free assumption ( figure 3 ). This implies that the nearly force-free assumption is not well justified.
We therefore adopt a second method that employs an explicit expression for magnetic fields in a non-force-free flux rope configuration. This is a first order perturbation (in the quantity κ) to a force-free flux rope (Berdichevsky 2013 ). This method yields values of the local magnetic field pitch angle as a function of radial position inside the flux rope as well as the azimuthal angle (figure 4). Since the second method does not assume a priori that the flux rope is nearly force-free, we contend that results using this method (figures 4 and 5) are more reliable. The values for the angle (χ) between J and B deduced from method 2 (figure 5) are substantial; they range from −90
• to 90
• . These values may be contrasted with the rather small values for χ (around 3 • ) that are required for flux rope prominences to be supported against gravity (Rust & Kumar 1994) .
Conclusions
Our findings imply that, in the coronagraph field of view, the current (J) and the magnetic field (B) within flux rope CMEs that propagate in a self-similar manner can be substantially misaligned. This is the first conclusive evidence of the non force-free nature of flux rope CMEs, which forms the basis for Lorentz self-force driving. The magnitude of the Lorentz self force (|J| |B| sin χ) depends upon the magnitudes of the current density (|J|) and magnetic field (|B|) as well as the the angle (χ) they subtend to each other.
The results from this work regarding χ can constrain the magnitudes of the current and magnetic field in flux ropes needed to explain an observationally mandated driving force (e.g., Subramanian & Vourlidas 2007) . Furthermore, our findings imply that there is excess magnetic energy that is available within the flux rope structure which can be expended in translating and expanding the CME, in (often) driving a shock ahead of it, and in heating the plasma that is inside it. It is not yet clear how the available magnetic energy is partitioned among these different avenues.
Finally, it is worth comparing our estimates for the magnetic field pitch angle (figures 3 and 4) with values for this quantity near the Earth. Observations of near-Earth magnetic clouds (which are generally modeled as force-free flux ropes) suggest that 0.05 tan γ 0.3 (Larson et al. 1997; Leamon et al. 2004; Gulisano et al. 2005) . Along with plausible guesses for the the number of field line turns, these values for tan γ have been used to infer total field line lengths in near-Earth magnetic clouds (Kahler, Haggerty & Richardson 2011 ), which in turn are used to address questions related to whether or not a force-free flux rope configuration is a good model for these structures, and if their legs are still connected to the Sun. In keeping with the general expectation that flux ropes observed near the Earth are force-free structures, we use method 1 (which relies on the nearly force-free assumption)
to check if these observed magnetic field pitch angles are consistent with small values of the misalignment angle χ, as they are often assumed to be. We use equations (7) and (10) The upper panels show the white light CME data and the lower panels have the flux rope (displayed as a green wiremesh) structure superposed. The blue curve is plotted for tan γ = 0.05, the red one for tan γ = 0.15 and the green one for tan γ = 0.3 
